(eq 3). All the optimized geometries were consistent with the intermediates in keeping with the phenomenon of "bimetallic activation" reaction where the two metal centers work concertedly in a reaction. The activation free energies of eqs 2 and 3 were 18.8 and 6.9 kcal/mol, respectively. The calculations of two types of C-H bond activation pathways that respectively contain eqs 2 and 3 were carried out. These results suggested that the pathway containing eq 3 was suitable.
Introduction
The concept of "bimetallic activation" was proposed to explain the reaction of dinuclear ruthenium complexes with ethylene.
As shown in eq 1, diruthenium tetrahydride complex 1 reacts with ethylene under mild conditions of 1 atm and room temperature to afford divinyl ethylene complex 2 in 73 % yield via the C-H activation of ethylene [1] .
(1)
In a previous study, the C-H activation of ethylene with mono nuclear iridium complexes was carried out at 160 °C, a stronger condition [2] . The smooth progress of this reaction can be explained by the simultaneous interaction of the two ruthenium atoms with ethylene to afford 3, as shown in Figure 1 . By the removal of H 2 from 1, a coordinatively unsaturated species might be obtained, and the subsequent coordination of ethylene to the vacant site yields intermediate 3.
pathway contains the first C-H bond activation step, as given in eqs 2 and 3. the most simple and effective method for analyzing this reaction system; here, we report the theoretical study of bimetallic activation using elementary processes, as given in eqs 2 and 3.
Computational Methods
All geometry optimizations, vibrational frequencies, and energy calculations were carried out using the two-layer ONI-OM (MO:MM) method in the Gaussian03 program [5] using DREIDING [6] for the low layer and the density functional theory (DFT) [7] at the B3LYP level [8] with a mixed basis set for the high layer. The low layer model structures were constructed by replacing the methyl groups on pentamethylcyclopentadienyl ligands with hydrogens. The mixed basis set contained 3-21G [9] for the carbons and the hydrogens of the pentamethylcyclopentadienyl (Cp*) or cyclopentadienyl (Cp) groups and LANL2DZ [10] for all the other remaining atoms.
The calculations were verified to be either minima or transi- 
Results and Discussion
The optimized geometries are shown in Figure 3 and selected structural data are summarized in Table 1 . The double bond of the ethylene moiety kept the π coordination to Ru1 in all geometries and the C-H bond activation proceeded around Ru2.
In both reactants 4 and 6, H1 was close to Ru2 and the C1-H1 bond was more elongated than the C1-H2 bond (1.088 Å) because of the agostic interaction. A comparison of the distances of Ru2-H1, Ru2-C1, and C1-H1 of 6 with those of 4 revealed that Ru2-H1 and Ru2-C1 were relatively shorter and C1-H1 was relatively longer. Although these features suggested an attractive force because of the agostic interaction between the C1-H1 bond and Ru2, it could be understood that the C1-H1 bond was forced close to Ru2 by the coordination of ethylene to Each transition state TS4-5 and TS6-7 had one imaginary frequency at 682.6i and 743.5i, and the obtained geometries were confirmed to be reasonable transition states from the displacement vectors of these imaginary frequencies ( Figure 5 ).
Relative to the reactants, the elongation of the C1-H1 distance and shortening of the Ru2-H1 and Ru2-C1 distances were observed in both TS4-5 and TS6-7. By the shortening of Ru2-C1, the spread of Ru1-C1-Ru2 angles was also observed. There existed remarkable structural differences between TS4-5 and TS6-7 in the Ru1-Ru2 distances. In contrast to the fact that the Ru1-Ru2 distances of 4 and TS4-5 were similar, that of TS6-7 was considerably longer than that of 6.
In both products 5 and 7, H1 was completely separated from C1 and a μ-η 1 :η 2 -vinyl ligand was formed. The vinyl moiety of 7 was more comparable to the known structural data of the μ-η 1 :η 2 -vinyl diruthenium complex (8) (Figure 6 ) that was obtained by X-ray single crystallographic analysis [1b] than that of 5 was. The following data were selected as bond distances (Å) and angles ( o ) of 8: Ru1-Ru2 = 2.922 (2), Ru1-C1 = 2.14 (2), Ru2-C1 = 2.06 (1), Ru1-C2 = 2.20 (2), and Ru1-C1-Ru2 = 88 (5) . It appeared that a longer Ru1-Ru2 distance was more suitable to fit the bridging vinyl ligand. Product 5 had the shortest Ru1-Ru2 distance and had two bridging hydridos, whereas 
